ABSTRACT Early lung cancer detection with suitable treatment can significantly reduce cancer-related death rates. This paper presents a single frequency holographic electromagnetic induction (HEI) imaging method for small lung tumor detection in human thorax models. A numerical system is developed to study the feasibility of early lung tumor detection. The system includes various realistic tumors within a thorax model and a HEI measurement model. Simulation results show that various arbitrary shaped lung tumors with random sizes and locations can be identified in the thorax images. The proposed protocol has the potential for the further instantiation of lung structure.
I. INTRODUCTION
Lung cancer is a common disease with a high death rate in the United States and worldwide [1] . Diagnosis of early stage lung cancer with suitable treatment could increase the 5-year survival rate [2] . To reduce mortality, various medical screening methods such as computed tomography (CT), chest radiography, MRI, ultrasound, and magnetic induction tomography (MIT) have been intensively investigated. However, most of them are expensive and not sensitive enough for detecting early stage lung tumors [3] . CT detects more early stage lung tumors than conventional radiography, but it is relatively expensive and not very helpful in reducing mortality [4] . Improvement in sensitivity with low cost is considered as a first step in early cancer detection.
MIT has received many attentions worldwide [5] due to the fact it is cost effective and less complicated than other methods. In principle, it aims at mapping the electromagnetic properties (conductivity, permittivity, and permeability) distribution of a target object. If a target object is placed in a MIT system, an array of inductive coils arranged around the object induce magnetic field on the object. The spatial distribution of the magnetic field and the mutual coupling between the coils is altered by the object [6] . Thus, the scattered field from this object (consists of voltage and phase information) is then measured and the produced data can be used to reconstruct the object.
MIT has been used in numerous areas, including geological exploration, non-destructive evaluations, foreign material monitoring and biomedical imaging [7] - [20] . For biomedical imaging applications, various MIT approaches have been investigated with particular focus on imaging lung [21] , [22] , brain [23] , [24] , heart [25] - [27] , liver tissue [28] , [29] and biological tissues [30] , [31] . Gabriel et al. [32] - [34] have intensively investigated several types of human tissues over a wide frequency range. The simplicity of characterizing passive electrical properties of the biological tissues offers an alternative approach for biological tissue imaging. Al-Zeibak and Saunders [35] was the first to investigate the MIT theory for imaging of a biological object in order to distinguish between fat and water-bearing fat free tissues. However, MIT industrial processing is still challenging. It has not been extensively investigated in clinical environments because of the limited image resolution and it has not met the standards for widespread commercialization [6] . Thus, the simplicity of MIT and its low cost offer an attractive choice of medical imaging.
Holography techniques have recently been applied in the biomedical imaging field [36] , [37] . The authors previously proposed a holographic electromagnetic induction (HEI) method for imaging a dielectric object with a particular focus on brain stroke detection [38] . This paper aims at studying the feasibility of lung tumor detection in realistic human thorax models using a single frequency HEI based method. A numerical system, including a HEI measurement model and various human thorax models, is developed to investigate the theory of HEI and system setups. The detectability of small lung tumors with HEI is evaluated through numerical simulations.
The manuscript is organized as follows. Section II introduces HEI theory and system setups. Section III describes the development of the numerical system that includes various thorax models, and results are presented in Section IV. The discussion and conclusion are given in Section V. Figure. 1 displays the single frequency HEI approach for early lung tumor detection, which contains a cylindrical tank with 16 transceiver coils. Each coil works as transmitter and detector. The thorax model is located in the middle of the tank and is energized with a magnetic field generated by coils located outside of the tank wall. During data collection, the transmitting coils transmit electromagnetic (EM) signals into the thorax, and the receiving coils measure the scattered magnetic fields from the thorax. A reconstructed image of the thorax model can be obtained from the measurement data.
II. THEORY
Referring to Figure. 2, a point Q is located within the thorax model, the complex visibility data for any two coils can be calculated using the measured scatted magnetic field [39] :
Where the two coils located at − → r i and − → r j , means the time average, − → H scat and − → H * scat are the scattered magnetic field and the conjugate complex of the scattered electromagnetic field, respectively. For N coils, the total complex visibility data is Define the thorax intensity:
Where ω is angular frequency, µ 0 and ε 0 are permeability and permittivity of free space, σ and ε r (= ε r −jε r ) are conductivity and complex relative permittivity of thorax, respectively. If all detectors are positioned on a 2D plane (same height), then define line integral:
Where l = sinθ cosφ and m = sinθsinφ (see Figure. 2). The complex visibility data becomes: A 2D image can be reconstructed:
III. MATH NUMERICAL SYSTEM
A numerical system (as shown in Figure. 1 ) is developed to investigate the feasibility of HEI for lung tumor detection under MATLAB environment. The system is made of 16 circular coils (2cm) and placed 2cm above the bottom. The electric current density generated from transmitter is 1A/m 2 .
To calculate voltages, finite element approach is used and the measured region is divided into triangular meshes. The working frequency is 2MHz.
A. FORWARD MODEL
The excitation current density − → J s can be simulated by:
Where ∇ is the divergence operator, − → A is the magnetic potential vector. Equation (6) can be rewritten from Maxwell's formulas by calculating the total electric field − → E = jω − → A − ∇ , is the electric scalar potential.
B. BACKWARD MODEL
For any receiving coils, the scattered field from the thorax can be modeled by using the follow expression [40] :
Where − → r 0 is the distance from origin to the target point, − → r is the distance from origin to the target object. k 0 means prorogation constant of free space,
− → H T , ε r is the relative permittivity of thorax. The total magnetic field can be computed by − → H T = − → H inc + − → H scat . Using the following formula to calculate the magnetic field:
Wherer is unit vector from origin to the object, a = µ r ε r − j(µ r −1)
, R is the distance between source and the object, a and b are proportional to 1/R 2 (i.e. k 0 R 1). Hence k 2 0 a ∼ = −(µ r − 1)/R 2 and k 2 0 b ∼ = 3(µ r − 1)/R 2 . Equation (8) changes to:
If the frequency is relatively small, equation (9) is valid, for example the target object is much smaller compared to the wavelength. This means no frequency dependence. Therefore, a quasi-static approximation emerges as the dominant term when magnetic materials are introduced. Born Approximation can be applied to evaluate (9) when performing the forward model [41] . Thus, the magnetic field inside the thorax can be modeled approximately as the incident field that exists at the same location but without the thorax presented in the imaging domain. The excitation coil is used to generate incident field.
C. THORAX MODELS
Three human thorax models are developed using the published dielectric properties of thorax tissues in order to evaluate the detectability of lung tumor [42] . Thorax model I (100 × 50mm 2 ) and thorax model II (400 × 250 × 70mm 3 ) are made of 6 tissues: skin, fat, muscle, bone, lung tissue and tumor (10mm circle in Model I and 10mm sphere in Model II).
Thorax model III is developed based on CT images that were obtained with a 1.25mm slice thickness [43] . The CT data contained 42 images and each image has 512 × 512 elements. MATLAB software is applied to import all CT images to construct a realistic 3D thorax phantom, and 2D thorax models are developed by considering a single slice of CT-based thorax model.
IV. RESULTS
To investigate the HEI theory and system configurations, several simulations were performed using the developed thorax models. All thorax models were measured in millimeter (mm) as shown in the figures. 
V. CONCLUSION
This study investigated the HEI approach for small lung tumor detection and the theory has been validated through various realistic human thorax models. It was found that various arbitrary shaped lung tumors with random sizes and locations can be identified. Results showed that HEI has potential for investigating characterization and structure of the lung tissue. The proposed framework provides crucial priority information that can be exploited to improve the capabilities of MIT diagnostics methods.
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